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EXECUTIVE SUMMARY

Neodymium-doped silica glass is the most desirable glass for Q-switched and amplifier
applications due to broad transmission range, a low nonlinear refractive index, low
CTE, high lasing efficiency at room temperature, possibility of large size media and

possible use of sensitizers to increase energy efficiency.

However, preparation of such a glass by conventional melting requires very high
temperature resulting in deleterious contamination from the melting crucible. Addition
of fluxes to lower the melting temperature however degrades the physical and the
optical properties of the glass.

Sol-gel technology is a novel way of fabricating glass without melting. This process uses
silicon alkoxides for making a sol which is cast into a gel. Heat treatment of this gel at
high temperatures (still much lower than melting) results in glass.

This study explored the fabrication of Nd-doped silica glass by two different sol-gel
techniques, namely, mixing and impregnation. The latter process, which requires
impregnation of an Nd-containing solution into an ultraporous dehydroxylated silica
matrix, was successfully developed. A buffer element, Al, was used to prevent cluster
quenching of the fluorescence lifetime of the laser glass. Crack-free monolithic disks of
~3.0 weight % Nd,0; in silica glass (about 12 mm in diameter and 4 mm in thickness),
which had fluorescence lifetimes of about 300 us, were fabricated reproducibly.

The fabrication of high aspect ratio geometries like rods could not be processed in a
crack-free manner. Modifications of the final drying procedure are warranted for their
successful development. The issues of selection and concentration optimization of

sensitizers and the optical quality of the final glass need to be addressed in greater
detail.
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Hence, this research has successfully developed a process for the fabrication of Nd-
doped silica laser glass which has fluorescence lifetimes of about 300 us and can be

manufactured reproducibly and reliably in crack-free form for small dimension disks.
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OBJECTIVES OF THE RESEARCH EFFORT

The specific objectives of the Phase II effort were:

1.  Modification of processing narameters and composition for disks and rods co-
doped with neodymium and aluminum for optimization of gel quality, fluorescence
lifetimes, and other lasing characteristics. The ultimate goal here was to prepare
materials with excellent lasing properties that are better than silicate laser glasses

currently available commercially, while maintaining thermal and optical characteristics
as close to those of pure silica as possible.

2. Modification of processing parameters and composition for disks and rods co-
doped with neodymium and phosphorus for optimization of gel quality, fluorescence
lifetimes, and other lasing characteristics. The ultimate goal of this objective was to

prepare new laser materials having the advantages of both phosphate and silicate glasses.

3. Optimization of the use of sensitizers to increase efficiency. The efficiency and
power output of a laser can be increased by adding small amounts of other ions which
absorb the pump radiation and efficiently transfer it to the appropriate energy level of
the lasing species. A number of various ions have been used as sensitizers with Nd.
This phenomenon, however, appears to be influenced by the laser host material.
Therefore, it was important to investigate sensitizers in the laser glasses produced by
sol-gel processing.

4.  Demonstrate the production of doped silica sol-gel monoliths with the optimum
concentrations of Nd, Al and/or P and sensitizers determined in objectives one through
three. This objective focused on the translation of laboratory experiments to pilot-plant
type manufacture, including parameters such as quality assurance, repeatability, and
reproducibility during scale-up.
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1 INTRODUCTION

1.1 Property Requirements for Solid-State Laser Materials

A solid-state laser material must absorb pump light which is converted to laser
radiation. The absorption and conversion efficiencies must be as high as possible. The
amplification (gain), g, is given by [1]:
g=0N
where,
¢ = induced emission cross-section

N = number of active ions per cm3 of medium

Also, the fluorescence lifetime, T, should be high so as to use the pumping source more
energy-efficiently [1,2]. The nonlinear refractive index, n,, should be low, especially
for high-power lasers where the self-focusing of the beam is critical {1,2]. At the lasing
wavelength, the material should have minimum optical loss that is not affected by pump
radiation. A high optical homogeneity and low beam distortion due to temperature
gradient are desirable. For the latter, the laser must have good thermal shock
resistance, especially if the pulse repetition rate is high. Hence, the coefficient given by
[1]:
s(1-p)/aE

where,

s = mechanical strength of the medium

it = Poisson ratio of the medium

o = coefficient of thermal expansion of the medium

E = Young’s modulus of the medium

must be high. This glass must also have a high damage threshold, especially for high-
power lasers [1,2,3].
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1.2 Glasses as Host-Matrices for Laser-Active Ions

Glasses, as laser host materials, have a number of advantages over crystalline materials.
The ability to fabricate large size and desired shapes are primary merits along with
optical quality (high homogeneity) which is generally excellent. The index of
refraction of the host matrix glass can be tailored with relative ease [2]. Also, the
ability to control the temperature coefficient of the index of refraction and strain-optic
coefficient permits a thermally stable cavity. Also, the use of sensitizers enhances the
laser efficiency [1,2,3].

Glasses produced by conventional melting however have low thermal conductivity
which limits the diameter of the rod for continuous wave (CW) and high pulse
repetition rate applications. Also, the lines obtained are inhomogeneously broadened
and wider than thosc in crystal matrices [2] as depicted in Figure 1. As a result,
threshold is difficult to obtain as a larger inversion is required to achieve the same gain
at the center of the line. However, it should be noted that a broadened fluorescent line is
an advantage for Q-switched and amplifier applications [3]. The broadened line results
in lower loss due to amplified spontaneous emission for the same inversion.

As is clear from the above discussion glasses are suitable for high-energy pulsed
operations, as opposed to crystals which, due to their higher thermal conductivity and
narrower emission linewidths, are suitable for applications that require continuous-
wave and high pulse repetition rates [1,2,3].

The most desirable glass for use as a matrix in high-powered lasers is silica glass, since
it has a broad transmission range from ultraviolet to infrared, a low nonlinear
refractive index, and a very low coefficient of thermal expansion [3]. Neodymium (Nd)
doped glass matrix lasers show the greatest promise for high-powered, pulsed-laser
applications [2,4]. Neodymium is more favorable to use than the other rare earth ions
which have been made to lase in a glass matrix because Nd can be made to lase at room
temperatures with comparatively high efficiency. The addition of Nd to a glass matrix

SBIR Final Report 2 November 30, 1990
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4Fi/, Crystal Glass

- Effective
Field

M PP

Figure 1. Schematic of “I,,-F;, Absorption Transition of Nd3+ in Crystal and
Glass Host-Matrices and the Resulting Fluorescent Lines.
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and forming the glass structure requires melting the glass at high temperatures.
Platinum crucibles are normally used to minimize contamination during the melting
process, but this still leads to small inclusions of platinum in the glass laser matrix that
can lead to stresses in the glass and eventual laser rod destruction at high powers [5].
Crucible contamination, density fluctuations, striae, seeds, cords, bubbles and other
localized inhomogeneities in the melt-glass matrix can be reduced by lowering the
melting and homogenization temperature, and this is currently done by adding fluxes
such as Li,O and CaO to the SiO, matrix. While adding fluxes decreases the
contamination and inhomogeneities associated with melting pure SiO,, fluxes themselves
can degrade the physical and optical properties of the glass, most notably the coefficient
of thermal expansion and the nonlinear refractive index coefficient (see Table 1). This,
along with its lower melt temperature, limits the efficiency as well as the operating
temperature of the laser due to thermal gradient effects. Impurities can be a cause of
solarization, which also decreases laser pump efficiency [6].

1.3 Glasses by Sol-Gel Process

Recent developments in sol-gel glass technology have permitted the fabrication of silica
glasses at much lower temperatures than traditional melt glass techniques [7]. A
schematic representation of the process is given in Figure 2. In this process a silicon-
containing precursor, such as tetramethylorthosilicate (TMOS) or tetraethylorthosilicate
(TEOS), is hydrolyzed to form a sol. After complete homogenization, this sol is cast
into molds where it sets into a very porous, wet, gel having the shape of the mold. The
gel is then dried to give a transparent silica monolith. The resulting dry gel can be
further heat-treated to strengthen it and at the same time reduce its porosity. Although
this process removes most of the water, heating to temperatures necessary to fully
densify the silica gel normally results in bloating of the sample due to residual water
being trapped in the porous structure. If a dehydration step is carried out before the
final densification, the bloating problem is avoided and fully dense glass can be obtained

[8].
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TABLE 1

Properties of Commercial Silicate Glasses Used As Laser Media [1]

COMMERCIAL SiO,
FUSED FUSED
PROPERTY LG-650 LG-660 LSG-91H ED-2 QUARTZ SILICA
Softening pt. 682 573 505 582 1630- - 1580-
O 1730 1600
CTE (10-7) 95 121 105 92.6 5.1 5.1
Index of 1.5214 1.520 1.5612 1.5672 1.458 1.458
Refraction
(589.3 nm)
Non-linear 1.4 1.33 1.5 1.41 0.97 0.97
Index (10-13esu)
Abbe Number 56.2 58.5 56.6 58.2 67.8 67.8
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Figure 2. Flowsheet of Sol-Gel Processing of Silica Glass Monoliths.
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The use of sol-gel processing to prepare solid-state laser materials holds potential
advantages for the following reasons:

1. It is possible to use high purity chemical precursors that are readily available. The

major cause of losses in a glass has been reported to be the presence of contaminants
which absorb radiation [3].

2. Processing temperatures required to produce the glasses are substantially less than
for melt glass techniques, further reducing the problem of impurities and making the
process more cost effective from the standpoint of required equipment.

3. Since the process is in large part carried out on the molecular scale, it provides the
potential for greater homogeneity of dopants in the glass matrix.

4. A variety of shapes are possible with the sol-gel process, since the shape is
determined by the mold into which the sol is cast. This makes it possible to cast
rods, discs for Brewster segments, or other geometries such as slabs, which have
been used in a number of applications including amplifiers [9] and remote sensing
[10]. Although shrinkage occurs in the process, it has been shown to be reproducible
to within 0.5 % for each step in the process, which is important for the processing of
the materials [11].
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2 EXPERIMENTS

The sol-gel process lends itself to the incorporation of laser-active elements like Nd into
silica glass matrix by two different methods:

1. Mixing
2. Impregnation

Procedures for fabricating Nd/SiO, laser glass, both by mixing and by impregnation,
are detailed in Figures 3 and 4 respectively. The general process essentially involves
preparing the sol, aging the sol to form a gel, drying the gel, stabilizing the gel to a
porous solid, and conducting a treatment of dehydroxylation of the porous monolith
before the final densification. During fabrication by mixing, the laser-active elements
are added at the beginning during sol preparation, unlike the impregnation method
wherein a separate solution of active elements is impregnated into a porous monolith.

2.1 Nd/SiO, Laser Glass by Mixing

The procedure followed for this fabrication method is shown as a flowsheet in Figure 3.
Each of these steps are described in detail in the following sections.

2.1.1 Sol Preparation

The composition of the glass was selected such that it yielded 3.0 weight % of Nd,O; in
the glass. This composition was kept constant throughout this experiment. '

The raw material precursors used for Nd/SiO, laser glass selected were
tetramethylorthosilicate (TMOS) and tetraethylorthosilicate (TEOS) for silica (SiO,)
and Nd(OAc);H,0, NdCl;.6H,0 and Nd(NO,);.6H,0 for neodymia (Nd,0;). A
proprietary drying control chemical additive (DCCA) was also used.
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The use of Al, P and Ti was explored as a “buffer” component which prevents
concentration quenching of the fluorescence lifetimes of the laser-active glass.

The raw materials used were: AlCl; and Al(OBu); for Al,O;; P(OCH;); and
PO(OCH;); for P,0s; and Ti(OPr), for TiO,. The R ratios used were 2, 4, and 16. For
the catalysis of the reactions, HCI, HNO, and NH,OH were utilized.

The sols were prepared by batching them according to the requirements and mixing
them in glass kettles or polypropylene beakers. Appendices IA and IB summarize the
different reaction conditions present during various methods of sol preparation.

An alternative approach to making glass by using SiO, powder as an additive to
fabricate composites was also attempted. Commercially available fumed silica was
incorporated into the sol to facilitate densification of the gels. Several parameters were
investigated, including particle size of fumed silica, volume percent loading of powder

in the sol, use of surfactants, modifying water content of the sol, and adjusting the
amount of solvent in the sol.

2.1.2 Aging & Drying

The sols obtained from above were used for the fabrication of monoliths. After casting
the sol in polypropylene containers, the lids of the containers were sealed. These
containers were left undisturbed for 2 days at temperatures of between 25°C and 80°C
while the sol gelled into a viscoelastic solid. After gelation these wet gel monoliths
were extracted from the containers and dried to yield crack-free transparent monoliths
of the desired shape. These were then used for further processing. '

2.1.3 Stabilization

The crack-free monoliths derived from the dried gel were further processed to remove
the organic fractions from the gel. The stabilization of these monoliths was carried out
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at various temperatures, all below 1200°C, to prepare monoliths with varying specific
pore volume. The details of the temperatures used and the results are summarized in
Appendix II. The atmosphere used was air.

2.1.4 Dehydroxylation

Various methods were used to remove the surface hydroxyl groups in the stabilized gel.
First, chlorination was attempted by using CCl, and HCI as the chlorinating agents.
Appendix III summarizes the details of the experiments. Second, a vacuum as low as
0.025 mm Hg was used. Finally, proprietary non-chlorine-containing chemicals were
used for the dehydroxylation of the stabilized monoliths prior to densification.

2.1.5 Densification co

The densification of the monoliths was carried out in a controlled-atmosphere furnace.
The densification temperatures were kept at or in excess of 900°C and soak times were
kept at one hour or greater. A variation on this experiment was the use of vacuum
densification. The details of the experiments are summarized in Appendix IV.

2.2 Nd/SiO, Laser Glass by Impregnation

The procedure followed for this fabrication method is shown in Figure 4 as a process
flowsheet. Each of the listed steps are described in the following sections in detail.

2.2.1 Sol Preparation (SiO, only)
The sol was prepared by mixing TMOS or TEOS, deionized water, and .a proprietary
drying control chemical additive (DCCA). After complete homogenization, this sol was

then cast into polypropylene containers.

A variation in this experiment was to include another additive in the batch for obtaining

SBIR Final Report 12 November 30, 1990




GELTECH, Inc. » One Progress Blvd., Box 18, Alachua, FL 32615 « USA TEL: (904) 462-2358 « FAX: (904) 462-2993

large pore size monoliths. The diffusion of the impregnate was expected to be facilitated
by larger pore size. Several parameters and additives were investigated to find a way to
get monoliths with larger pores. Variables studied were: type of catalyst, concentration
of catalyst, drying method, drying schedule, silica precursor, and water content in the
sol.

The approach of using silica powder in the sol, as discussed for sol preparation while
making Nd/SiO, laser glass by mixing (section 2.1.1), was also used for fabrication of
porous host-matrix.

2.2.2 Aging & Drying

After casting, the containers were left undisturbed so as to allow the sol to gel. The
gelation and aging process was carried out at temperatures of between 25°C and 80°C
over a 48-hour period. Following the aging process, the wet gels were dried to give a
transparent ultraporous monolith. R

2.2.3 Stabilization

The stabilization process involved the removal of the organic fractions from the dried
monolith. This was carried out at various temperatures, not exceeding 1050°C, to
prepare monoliths with specific pore sizes but with a varying specific pore volume.

2.2.4 Dehydroxylation

To remove the hydroxyl groups from the surface of the stabilized SiO, monolith a
number of techniques were tried earlier for the samples produced by mixing. It was
clear that the impregnation process will lead to the same problems which occurred with
chlorination during preparation by mixing. A vacuum process with vacuum as low as
0.025 mm Hg has been investigated for the dehydroxylationof the gels. The non-
chlorine-containing chemicals treatment, mentioned previously, was also used for the
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dehydroxylation of the stabilized monoliths prior to densification.
2.2.5 Batching and Mixing (Nd- and Al-Precursors only)

On the basis of the pore radius, a calculation was made for the strength of the alcoholic
solution which would contain enough Nd to yield 3.0 % by weight Nd,0; in the SiO,
glass. The ratio of Nd to Al was kept to a fixed number, 6. The raw materials tried for
neodymium were NdCl;, Nd(NO,);, Nd(NO;);+6H,0, and those for aluminum were
AlCl;, AlCl;+6H,0 and AI(NO;),+9H,0.

2.2.6 Impregnation

The impregnation process is essentially diffusion of the dopant liquid containing the
active ions into the porous SiO, matrix. Impregnation is done by immersion of the
porous monolith in the dopant solution. The immersion time was varied from 4 hours
to 4 days. '

2.2.7 Drying and Stabilization (Post-Impregnation)
The drying process following impregnation is critical. The Nd and Al ions should not
migrate to the surface as that would create inhomogeneities, thereby rendering the glass

unsuitable for laser applications. The drying was done at temperatures ranging from
40°C to 110°C over a period of 16 hours.

The crack-free monoliths thus produced were then stabilized at temperatures ranging
from 600°C to 1000°C in a time period of 16 to 24 hours. The removal of the organics

from the monoliths was carried out during this process without the cracking of gels.

2.2.8 Densification

The densification of the monoliths was carried out at temperatures greater than 1000°C.
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If soaking was done at a high temperature then the soak time was in excess of 1 hour.
The densification process was carried out in a controlled-atmosphere furnace.
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3 RESULTS AND DISCUSSION

3.1 Optimization of the Composition
The optimization of the composition (Task 4) had the following objectives:

1. Optimization of the molar ratio of dopants.
2. Optimization of neodymium concentration.
3. Optimization of glass properties.

It is known that the molar ratio of AL,O; (or P,Os) to Nd,O; influences fluorescence
properties of Nd/SiO, glass [12,13]. Arai et al [12] found this molar ratio to be 10 for
AL,O; (and 15 for P,0s). It was noted that this ratio was obtained for the materials
prepared by chemical vapor deposition (CVD), a process very different from the sol- -
gel process. The percentage of neodymia (Nd,0;) in the glass, i.e., the Nd ion
concentration, is an important parameter. This concentration must be such that the total
volume of the material is excited, rather than portions thereof. The median penetration
depth of the pump light should be on the order of the rod diameter to function as
desired [1]. Hence, the concentration of the laser-active ions should be high enough to
meet the above conditions depending on the final geometry (diameter/thickness) of the
lasing element. The larger the diameter of the rod, the lower the Nd-ion concentration
and vice versa. Thus, with smaller geometry lasing elements the higher limits of the
concentration of Nd were being explored in this study [1].

The problem of concentration quenching, i.e., the decrease of the fluorescence lifetime

with increased concentration of Nd in the matrix, was an inherent part of this study. In
silicate glasses the effect of concentration quenching occurs at a lower Nd concentration
than that for phosphate glasses (= 2 x 1020 jons/cc) [1].
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The final thermal properties of the glass will be close to that of pure SiO, if the
composition is not altered significantly, as shown below [12]:

Glass Composition CTE(ppm/°C)
0.0029Nd,05 « 0.029A1,0; « SiO, 0.7
Si0, 0.5

For this study, glasses with Nd,O; concentration were 5.0 weight % or less. The
workhorse composition was 3.0 weight % Nd,0;. The corresponding concentration of
active ions in the glass was ~2.0 x 1020 Nd ions/cc glass (~1.5 x 1020 Nd ions/cc for 2.0
weight % Nd,0;). This concentration will decrease when using the gels stabilized at a
higher temperature as the specific pore volume is less for such a disk. Also, due to the
composition of the glass, its CTE is expected to be closer to 0.7 x 106°C. A
fluorescence lifetime of about 300 pus was expected, as per Figure 5 [1], for this glass.

The monoliths produced were in the form of crack-free disks of about 12 mm in

diameter and about 4 mm thick. The fluorescence lifetimes of these disks were indeed
close to 300 ps.

3.2 Research on Mixing Parameters

Sol-gel processing results in intimate mixing of the component materials. The level of
mixing is on the molecular scale, which results in an ultra-homogeneous glass not
possible via the conventional melting process. To achieve the optimized conditions for
best Nd/SiO, laser glass, the composition of the batch and precursor is selected for a
given composition. | h

The objectives of this study (Task 1) were as follows:

1. Maximize gel dopant retention during processing.
2. Optimize gel quality, i.e., monolithicity, clarity, and dopant homogeneity.
3. Maximize ease of densification.
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4. Maximize fluorescence lifetimes.

5. Optimize thermal properties such as CTE.

3.2.1 Silica Precursor |
1

TMOS reacted much more rapidly than TEOS, which resulted in much faster gelation
times. A few experiments were conducted to compare TEOS-derived gels with those !
derived from TMOS. TMOS gels tended to be visibly more uniform (much less cloudy)

and stronger (more resistant to cracking during drying.) TMOS was found to be much

more desirable for the development of materials for optical applications.

3.2.2 Alumina Precursor

As anhydrous aluminum chloride salt was not easy to work with, therefore little time |
was spent pursuing this. One of the most often used compounds is aluminum sec- - :
butoxide because it is very reactive and is a liquid at room temperature. By combining |
this reagent with a solution containing only partially hydrolyzed TMOS, it was possible

to enhance the possibility of incorporating the aluminum into the silica network. This
approach was adopted for the majority of the work on this project to date.

3.2.3 Phosphorus Oxide Precursor

The literature reports the use or phosphoric acid [14], trimethylphosphite [15,16], and
triethyl-phosphate [17] in preparing glasses by sol-gel methods. However, the use of
phosphoric acid caused the precipitation of neodymium phosphate when the neodymium
salt was added. Trimethylphosphite did not cause precipitation at first, but as the gel
formed, neodymium phosphate was excluded as a precipitate unless the amount of water
was limited to two moles of water per mole of silicon precursor. However, under these
conditions it was impossible to prepare monolithic gels. The best results were obtained
using trimethylphosphate. The trimethyl analog was chosen over the triethyl analog for
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its greater reactivity. With this precursor no precipitates formed, and hence, monolithic
gels were prepared containing neodymium and phosphorus oxides.

3.2.4 Neodymia Precursor

The precursor used for neodymium did not seem to make much difference in the
compositions using aluminum, but when neodymium acetate was added to the batch
containing phosphorus a precipitate resulted. For this reason the acetate was normally
used with aluminum since it minimized the presence of inorganic ions such as nitrate or
chloride when the nitrate salt was used, phosphorus was also added to avoid the
precipitation problem.

3.2.5 R Ratio

The R ratio is defined as the molar ratio of water to silicon precursor. Limiting the R
ratio to four gave the gels some interesting properties, particularly the tendency to
densify at relatively low temperatures (700°C). This is advantageous from the
standpoint of preventing crystallization in the glass.

3.2.6 Catalyst

Acid catalysts give by far the stronger gels, which is important for success in drying the
gels without cracking. A prehydrolysis step using acid, followed by final condensation
using either acid or base was investigated. The prehydrolysis procedure was adopted in
most cases in order to enhance the opportunity to incorporate the aluminum or
phosphorus into the network. When base was used after prehydrolysis the gelation
times were much shorter.

3.2.7 Nd/SiO, Glass by Mixing

The fabrication of Nd/SiO, glass, containing also a “bufter” component, by mixing did
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lead to crack-free disks about 8 mm in diameter and 4 mm in thickness. The disks were
homogeneously doped and of good optical quality. The temperature for densification
was less than 1200°C. The coefficient of thermal expansion of these monoliths is
expected to remain close to that of SiO, glass due to their composition being so close to
silica. The fluorescence lifetimes of the samples made were, however, less than 10 ps.

3.2.8 Nd/SiO, Glass by Impregnation

The fabrication of Nd/SiO, glass, with a “buffer” component, by impregnation did also
lead to crack-free disks about 12 mm in diameter and 4 mm in thickness. The disks
were homogeneously doped but the optical quality, in terms of scatter, was not good for
lasing application. The densification was carried out at temperatures below 1300°C.
The coefficient of thermal expansion is expected to be close to that of SiO, glass. The
fluorescence lifetimes of the samples made were, however, about 300 ps. Also, these
samples were made reproducibly.

3.3 Optimization of Doping

The optimization of the doping is essentially a subset of the optimization of the
composition. The specific objectives of this study (Task 2) were as follows:

1.  To determine which doping method gives the best fluorescence properties.
2.  To determine which doping method gives the best homogeneity of the

dopants.

This was a process optimization study wherein the effects of the method of sample
preparation were related to the final properties of glass.

3.3.1 Nd/SiO, Glass by Mixing

The samples in which Nd was incorporated in silica by mixing the precursors before the
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heat treatment had high uniformity and homogeneity as was evident by the color of the
samples. The processing aspects of this technique are similar to that of monoliths.
However, the fluorescence lifetimes of the samples thus produced were extremely low,

less than 10 ps. Hence, these samples cannot be used as the media for a Q-switched
laser.

3.3.2 Nd/SiO, Glass by Impregnation

The samples produced by impregnation were optically homogeneous when observed
with the unaided eye. However, the degree of scatter observed by passing a beam of
He-Ne laser through the sample disk diametrically, was relatively high. The
fluorescence lifetimes were excellent in that unprecedented values of about 300 ps were
measured on a series of individually prepared samples. Hence, the process was
reproducible and yieided reliably high fluorescence lifetime crack-free disk samples.

3.4 Optimization of Drying Procedures

Drying is a critical step in the fabrication of monoliths by the sol-gel technique. It is in
this step where the microcracks start to torm. On further processing, these cracks
propagate and cause failure of the monolith. For this study, the drying procedure
contained the following objectives:

1. Optimize the fabrication of crack-free monolithic disks (and rods).
Optimize the procedure for clarity and homogeneity of dopants.

3. Optimize the procedure for maximum fluorescence lifetimes in gels after
stabilization.

3.4.1 Nd/SiO, Glass by Mixing

The drying step was carried out only once in this process after the aging step (see
Figure 3). During this step the “wet” gel (viscoelastic) is transformed into an
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ultraporous transparent monolithic solid. The color of these monoliths was yellow to
brown, depending on the dopant concentration. After stabilization to 800°C, the
average radius of the pores in these monoliths was about 14 A, the specific surface area
(B.E.T.) was close to 600 m?/g and the specific (total) pore volume was 0.4 cm3/g.

3.4.2 Nd/SiO, Glass by Impregnation

In this process the drying was critical. The first drying step was done after aging the
“wet” gel. The procedure used was similar to the one used in the mixing method. The
resulting ultraporous monoliths, after stabilization at 800°C for example, had the same
specifications as above, namely, an average pore radius of close to 14 A, specific
surface area (B.E.T.) of 600 m?/g and specific pore volume of 0.4 cm3/g. These
stabilized monoliths were used as the host matrices for impregnation by the laser-active
ions containing dopant solutions.

The following step in the process is the dehydroxylation treatment. The removal of the
hydroxyl group (-OH) is essential as it interferes with, and thus weakens, the
fluorescence effect of the Nd-containing lasing glass materials [1], as shown in Figure 6.
This dehydroxylation is accomplished by using a non-chlorine containing compound.
Crack-free ultraporous monoliths resulting after the above treatment have an extremely
low concentration of hydroxyls as evidenced by UV/VIS/NIR spectral analysis (see
Figure 7). A comparison of this spectrum with that of densified SiO, prepared by sol-
gel, as shown in Figure 8, indicates a presence of residual hydroxyls, ~135 parts per
million in concentration.

The final drying step was carried out after the impregnation with the dopant solution.
In this step, the cracking tendency of the host matrix (ultraporous monolith) was highest
due to the stresses generated in the pores, which are severe. The deposition of the Nd-
and Al-salts on the (internal) surfaces of pores and the stresses due to the drying front
of the dopant solution are extremely high. Despite these problems, crack-free monolith
disks were fabricated by modifying the drying program used for these drying steps.
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However, these drying programs could not be used for the rods (which have a much
higher aspect ratio compared to the disks) without developing c.acks. Thus, the
geometry of the monolith has a strong influence on the drying characteristics of the
monoliths. The specific bulk surface area seems to have a drastic effect during this
processing step and warrants further study.

3.5 Optimization of Dehydroxylation & Densification

As mentioned earlier, the presence of hydroxyls (-OH groups) can weaken the
fluorescence effect. Hence, minimization of the concentration of these hydroxyls is
warranted. The objectives of this optimization procedure (Task 5) were as follows:

1. Determine if the presence of water has a deleterious effect on the fluorescence
lifetimes of the gels.

2. Optimize schedules and conditions to give minimum water content in the gel
after complete densification.

3. Optimize schedules to prevent crystallization in the gel.

4. Optimize optical quality of the dense gel.

The effect of water in laser material is a parameter which is not totally clear in the
literature. In some cases -OH can cause a shortening of the fluorescence lifetimes, but
these results were for an entirely different matrix [18]. It has also been reported that in
the preparation of silicate laser glasses the absorbed water of raw materials when less
than 0.2 weight % has no effect [19]. The effect of water in the glass on fluorescence
lifetimes was investigated. Water content could be measured on thin slices, or if
necessary, on a portion of the material which has been crushed and examined in another
matrix such as KBr. The 2730 nm transmission in the near infrared has been used to
quantify the presence of -OH in silica glasses [20].
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3.5.1 Dehydroxylation with Chlorine

Processing of silica glass via sol-gel methods normally requires a dehydration treatment
prior to pore closure [8]. Some form of chlorine is most often used [21]. Chlorine can
be generated in the furnace using carbon tetrachloride. This approach was thoroughly
investigated for the multicomponent gels under consideration by varying the treatment
conditions. Even the lowest temperature used gave unsatisfactory results. If the
chlorine reacted with the sample it caused degradation of the gels to a powdery white,
opaque material. Both chlorine gas and hydrogen chloride gas were investigated as
alternative dehydrating agents, but with similar, undesirable results. Gels containing
aluminum, phosphorus, or titanium as a third component all reacted similarly.

X-ray diffraction of the white material did not indicate crystallization present, so
electron diffraction was performed using the transmission electron microscope, but still
no crystallization was detected. ‘

3.5.2 Dehydroxylation by Vacuum

There has been very little published regarding the use of a vacuum in sintering sol-gel
glasses. As a first level of investigation, a primary vacuum system was set up using a
tube furnace. The best vacuum achieved was approximately 25 um Hg. Different
heating schedules were tested, including both a very slow schedule and a very fast one
(200°C/h). In neither case was the procedure adequate to completely remove the water.
The best results were obtained using the fast schedule. However, the results were very
similar when the experiments were repeated using only static air. At this point, the
expense of a hard vacuum system prohibited further investigation of this technique.

3.5.3 Dehydroxylation by Non-Chlorine Chemicals

Due to the inability of the chlorine-based dehydroxylation processes to remove the
hydroxyl groups from the silica matrix irreversibly, new systems for dehydroxylation
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were explored. A treatment with non-chlorine chemicals was used for this purpose.
Figure 7 shows the UV/VIS/NIR spectrum of the matrix after the treatment with this
chemical. As noted from this figure 7, the range of amount of hydroxyl groups is only
about 135 parts per millions. Such ultraporous samples were used as the host-matrices
for Nd/SiO, glass samples prepared by impregnation. Even though the temperatures
were close to 1200°C, there was some degree of porosity left in the monoliths. Even
though less than 5.0 %, this porosity can seriously deteriorate the performance of the
laser media in adverse environment.

3.5.4 Densification of Sol-Derived Monoliths

The densification of sol-gel materials is very dependent on initial processing. For
example, Al,04/Si0, gels prepared with aluminum isopropoxide and TEOS resulted in
50 A pore radii after drying, and densified without foaming to produce a clear,
monolithic glass [22]. Previous work indicated that gels doped with only neodymium
could be heated to densities greater than those of pure silica without foaming. In this
study, the behavior of the gels prepared by various methods of mixing and doping was
investigated during densification to determine the best route to full densification.

Figure 9 shows the results of DTA of 5.0 weight % Nd,O; dried gel powder. An
endotherm was observed between 50°C and 150°C due to loss of absorbed water.
Between 250°C and 400°C, an exotherm was observed due to the oxidation of the
organic fractions from the gel. At a temperature close to 1100°C an exotherm, which
corresponds to crystallization, was observed [23]. The detailed characteristics of Nd-
doped gels after heat treatment are listed in Appendix III.

The specific surface area and total pore volume decrease with increasing temperature of
heat treatment, as shown in Figure 10, especially beyond 800°C. Also, Figure 11 shows
that the sample bulk density and the shrinkage increase with increasing temperature
with the effect being more pronounced beyond 800°C. Clearly, the behavior of these
multicomponent gels is very similar to that of pure silica [11].
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Figure 9.  Differential Thermal Analysis of Nd/Al/SiO, Dried Gel Powder.
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Function of Densification Temperature. '
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TEM analysis of samples with varying amounts of Nd,0; in SiO, glass showed
clumping of the Nd ions. The average size of the clusters was around 100 nm. A
representative microstructure of the Nd/SiO, glass is shown in Figure 12 for a 5.0
weight % Nd,O; in silica glass prepared by the sol-gel technique. The fluorescence
lifetimes for these samples were less than 10 ps. Such low lifetimes were attributed to
the concentration quenching in these glasses.

Arai et al [12] found that addition of “buffer” elements like Al or P in the Nd/SiO, glass
produced by CVD improves the fluorescence lifetime drastically. Using these elements,
and the sol-gel method, samples with lifetimes between 90 pus and 110 ps could be
fabricated. The fluorescence spectrum of such a glass is shown in Figure 13. Note that
the maximum intensity is at 1.06 um, characteristic of Nd/SiO, glass. Thus, the
behavior of fluorescence was relatively unaffected by the addition of slight amounts of
“buffer” elements [11]. These results of higher fluorescence lifetimes were, however,
not reproducible.

The fluorescence lifetime of the samples formed by impregnation gave reproducible
results for fluorescence lifetimes of ~300 ps. The samples were in the form of crack-
free disks, 12 mm in diameter and 4 mm in thickness. Figure 14 shows the comparison
of the temporal profiles of 1.06 pum fluorescence from a Nd/Al/SiO, laser glass
fabricated at GELTECH by the sol-gel method and a commercial Nd-silicate laser glass
made by conventional melting.

3.5.5 Densification of Silica Powder Derived Composites

Silica powder has been used successfully to prepare fully dense silica glass by dispersing
the powder in the sol prior to gelation [24]. This approach makes it possijble to densify
the glass by allowing for removal of much more of the water prior to pore collapse.
This method was applied to Nd/SiO, by both the mixing and the impregnation
techniques.
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Figure 12. Transmission Electron Micrograph of a 5.0 weight % Ndzos in Silica
Glass Prepared by Sol-Gel at 20,000x.
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Figure 13. Fluorescence Spectrum of 3.0 weight %.Nd/Al/SiO, Glass.
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Silica powder was mixed with the multicomponent sol prior to gelation and sonicated to
aid dispersion. After gelation the gels were dried and fired to 1350°C. Unfortunately
the resulting material was opaque and bluish-white. This occurred in gels containing
only neodymium, as well as neodymium and aluminum. However, it could not be
ascertained as to whether this was due to the crystallization. Similar problems persisted
when silica composite host matrices were used for impregnation. Hence, this method
was not used any further.

3.6 Addition of Sensitizers

The addition of sensitizer ions to a matrix containing laser-active ions is done so that it
can absorb energy which is not absorbed by the laser-active ion and which can be later
transferred for laser action. The efficiency and power output of a laser can be
increased by adding small amounts of other ions which absorb the pump radiation and
efficiently transfer it to the appropriate energy level of the lasing srecies [25]. A

number of various ions have been used as sensitizers with Nd*3, inclueding Ce*3, Cr*3

Mn*2, UO,*2, and (VO,)3 [26]. However, this phenomenon appears to be influenced by
the laser host material, since in one report co-doping with Ce*3, UO,*2, Eu*?, Tb*3, and
Cr*3 in a phosphate laser material resulted in significant gains from only the Tb*3 [27].
It was found that the efficiency of Cr*3 as a sensitizer of Nd*3 in phosphate glasses was
very dependent on the glass composition [28]. In essence, the sensitizer boosts the
energy efficiency of the laser. For example, Cr ions transfer their excitation energy to
Nd ions with 45.0 % efficiency [1]. Ions of other elements like Yb and Er are
important sensitizers. The objectives of this study (Task 6) are as follows:

1. Determine which sensitizer ions increase the fluorescence lifetime of
neodymium in a sol-gel matrix.
Determine the optimum concentration of these ions for sensitization.

3. Examine the properties of the glasses containing the sensitizers to
determine what effect, if any, a small concentration of the sensitizers will
have on glass properties such as CTE. ' ‘
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3.6.1 Erbium as a Sensitizer

Erbium was successfully incorporated in the sol-gel derived dehydroxylated SiO, host
matrix. The incorporation technique was by impregnation as used for Nd previously.
A buffer element, Al, was also used as in the case of Nd. The densification temperature
was kept at 1100°C. No foaming was observed either, which attests to the incorporation
of the sensitizer, if done in a manner similar to the laser-active Nd ion, poses no extra
problems in processing. Figures 15 and 16 show the transmittance spectra of partially
densified Nd/Al/Si0,; and Er/Al/SiO, glasses, respectively. Note that the absorption
peaks, all of which are below 1.0 um, show that those for the Er sensitizer incorporated
via sol-gel method behaved in a manner similar to that in glass fabricated by
commercial melting.

The level of concentration of the sensitizer and its effect on the thermal properties

could not be optimized as the focus remained on the fabrication of crack-free, larger
geometry rods.

3.7 Demonstration of Production of Doped Monoliths

The Phase II program of the fabrication of Nd/SiO, laser glass had as its end result the
attainment of the following objectives (Task 7):

1. Scale-up the laboratory experiments to pilot plant scale.
2. Demonstrate repeatability and reproducibility on scale-up.

While we could successfully fabricate Nd/SiO, glass with fluorescence lifetimes of ~300
us reproducibly and reliably, this was possible only for disk geometries which were
obtained in crack-free form. Rods, which have a high aspect ratio, could not be
fabricated in crack-free form in the given time period. The issue of optical quality of
the final product could also not be addressed because of the time constraints. Another
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Figure 15. Transmittance Spectrum of Porous Nd/Al/SiO, Glass.
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issue, the influence of batch size on the scaled-up procedure, was also not pursued due
to inadequate time.
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4 CONCLUSIONS

This research effort has successfully developed a reproducible procedure for the
fabrication of crack-free monolithic disks of 3.0 weight % Nd-doped silica glass with
fluorescence lifetimes close to 300 us. The size of these disks was 12 mm in diameter
and 4 mm in thickness. Larger size, high aspect ratio geometry samples like rods were
difficult to fabricate reproducibly in crack-free form. The successful procedure
involved first, the fabrication of ultraporous silica monolith; second, its
dehydroxylation to minimize the concentration of hydroxyls which interfere with 1.06
um fluorescence of Nd/SiO, glass; third, impregnation of laser-active Nd3* ions with a
buffer element Al to prevent cluster quenching which reduces fluorescence lifetime;
and, lastly, densification of the matrix to produce a solid-state lasr glass media. Erbium
could also be incorporated as a sensitizer successfully by sol-gel technique. Further
process development is warranted to address the issues of optimization of the sensitizer
and the optical quality, in greater detail, to fabricate large size rods for high efficiency
Q-switched lasers.
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Appendix ITA

min “Buffer” Componen
Representative  SiO, Al Nd R Fluorescence
Batch Name Precursor  Precursor  Precursor Ratio  Catalyst Lifetime(usec)
NAS88-4101 TMOS AlCL, NdCl;-6H,0 16 HCl
NAS88-4301 TMOS AlCl, NdAc, -H,0 16 HCl
NA88-4901 TMOS Al(OBu); NdAc,-H,0 16 HNO;
NAS88-5101 TMOS Al(OBu); NdAc,;-H,0 16 HNO, <10
NAS88-5301 TMOS Al(OBu); NdAc,;-H,0 16 HNO; <10
NAS88-5303 TMOS Al(OBu); NdAc;-H,0 16 HNO, <10
NA89-0301 TMOS Al(OBu); NdAc,;-H,0 4 HNO,/NH,
NAg89-0501 TMOS Al(OBu); NdAc;-H,0 16 HNO,/NH; <10
NA89-0505 TMOS Al(OBu); NdAc;-H,0 4 HNO, <10
NA89-0602 TMOS Al(OBu); NdAc;-H,0 4 NH; <10
NA89-1601 TEOS Al(OBu); NdAc;-H,0 16 HNO,
NA89-1602 TEOS Al(OBu); NdAc;-H,0 16 HNO;/NH;3
NA89-3401 TMOS Al(OBu); NdAc,; -H,0 16 HNO;
NA89-3501 TEOS Al(OBu); NdAc,-H,0 16 HNO;

Appendix 1B
: [19 79
Representative  Si0O, P Nd R Fluorescence
NP88-5001 TMOS (OCH,;)3P NdAG;-H,0 16 HNO,
NP88-5202 TMOS  (OCH3)3P Nd(NO;3)-6H,0 2 HNO,3
NP89-0301 TMOS (OCH;3)3P Nd(NO;)-6H,0 2 HNO,;/NH; -
NP89-0401 TMOS  (OCH;)3PO Nd(NO;)-6H,0 16 HNO;, <10
NP89-0601 TMOS  (OCH;)3PO Nd(NO;)-6H,0 4 HNO,;/NH; <10
NP89-1101 TMOS  (OCH;3)3PO Nd(NO;)-6H,0 16 HNO, <10
NP89-1103 TMOS  (OCH;3)3PO NdA(NO;)-6H,0 16 NH,3
NP89-1203 TMOS  (OCH;3)3PO NdA(NO;)-6H,O0 16 HNO,/NH; <10
NP89-1602 TMOS  (OCH;3)3PO Nd(NO;)-6H,0 4 HNO,/NH,
i M 6 9
Representative  SiO, Ti Nd R Fluorescence
Batch Name Precursor  Precursor  Precursor Ratio  Catalyst Lifedime(iisec)
NT88-5101 TMOS Ti(OPr);  Nd(OAc);*H,0 16 HNO, <10
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PREPARATION, PROCESSING, AND FLUORESCENCE CHARACTERISTICS
OF NEODYMIUM-DOPED SILICA GLASS PREPARED BY THE SOL-GEL PROCESS

William V. MORESHEAD, Jean-Luc R. NOGUES and Robert H. KRABILL !
Geltech, Inc., One Progress Blvd. #18, Alachua, FL 32615, USA

For high-powered laser applications silica glass has favorable thermal and mechanical properties. However. the limited
solubility of neodymium oxide in silica has prevented its use without the addition of other components, both to increase the
solubility of the neodymium oxide and to reduce processing temperatures, minimizing impurities such as platinum inclusions.
The preparation of up to 20 wt% Nd-doped silica has been reported recently using the sol-gel process, and the fluorescence
spectrum of a one weight per cent composition was given (EJ.A. Pope and J.D. Mackenzie, J. Non-Cryst. Solids 106 (1988)
236). In this paper, the preparation and thermal processing of 3-5 wit% compositions, including BET, density, thermal and
spectral analyses, are reported. The fluorescence spectrum of the material and its fluorescence lifetime are then correlated with

TEM/EDS results.

1. Introduction

Silica glass has many favorable properties for
use in high-powered glass lasers, such as: (1) a
broad transmission range from ultraviolet to in-
frared: (2) a low nonlinear index of refraction;
and (3) a low coefficient of thermal expansion.
However, the high processing temperatures re-
quired and the low solubility of neodymium oxide
in silica have prevented the preparation of such
glasses with reasonable amounts of neodymium
oxide without the addition of other elements to
the glass. The addition of these other elements
greatly diminishes the desirable properties of the
glass for use as a laser host. In 1973 Stone and
Burrus {2] reported the preparation of silica fibers
doped with 0.5 wt% Nd,0,, but only recently,
Pope and Mackenzie have reported the prepara-
tion of Nd-doped silica containing up to 20 wt%
Nd,O, using the sol-gel process [1]. The sol-gel
process holds some potential advantages for this
application because of: (i) processing tempera-
tures lower than those used in traditional melt
glass techniques; (ii) better control of purity; and

! Present address: American Matrix, Inc., 118 Sherlake Drive,
Knoxville, TN 37922 USA.

(iii) the potential for greater homogeneity on a
molecular scale since it involves the mixing of
precursors at low temperatures (< 100°C).

The preparation, structural evolution, and visi-
ble and fluorescence spectra of 3-5 wt% glass
prepared by the sol-gel process are reported. In
addition the fluorescence lifetimes are given and
correlated with TEM results.

2. Experimental

Tetramethylorthosilicate (TMOS, Petrarch,
Inc.) was mixed with deionized water in which was
dissolved neodymium nitrate (Aldrich, Inc.). After
complete homogenization, this sol was cast into 60
mm petri dishes where it was allowed to gel and
age between room temperature and 80°C over a
period of about two days. The wet gel was then
dried to give a transparent gel monolith. Further
heat treatment was carried out to study the evolu-
tion in properties with temperature. Samples were
removed at desired temperatures and quenched in
air.

Differential thermal analysis was performed on
a Dupont Instruments 910 DTA connected to a
1090 Thermal Analyzer. The sample was heated at
a rate of 10°C/min up to a temperature of

0022-3093,/90,/$03.50 © 1990 — Elsevier Science Publishers B.V. (North-Holland)




268 W.V. Moreshead et al. / Nd-doped silica glass prepared by sol-gel process

1200°C, and alumina was used as the reference.
After each temperature treatment, the textural
characteristics of the sol-gel monoliths were mea-
sured using an Autosorb-6 from Quantachrome
Corporation, and the results were analyzed
according to the BET theory.

The density measurements were performed on
oven-dried samples using a normal specific gravity
bottle, with mercury being used as the liquid for
displacement. Values given represent the average
of at least seven repetitions. The shrinkage of the
samples was determined by measuring the diame-
ter of the disc-shaped monoliths after each of the
selected temperatures. A minimum of two mea-
surements of the diamete; was done per sample
using a digital caliper with an accuracy of +0.01
mm. The visible absorption spectra of the sol-gel
samples were recorded on a Lambda-9 spectro-
photometer from Perkin-Elmer. Fluorescence
spectra and fluorescence lifetimes were measured.
Transmission electron microscopy was also per-
formed.

3. Results and discussion
3.1. Visual characteristics
All the sol-gel samples were transparent,

reddish purple, and monolithic after processing
except those heated to 1150 and 1175°C, which

became white and opaque with the onset of foam-
ing. '

3.2 szferentt"al thermal analysis

Figure 1 shows the results of the differential
‘hermal analysis of a 5 wt% composition. At least
three features can be seen: (1) an endotherm be-
tween 50 and 150°C due to loss of absorbed
water; (2) an exotherm between approximately
250 and 400°C, due to the burning of organic
residues; and (3) an exotherm between 1050 and
1100 ° C, which gives evidence of crystallization.

3.3. Textural and physical characteristics

The textural and physical characteristics of the
samples are summarized in table 1. These gels
show trends with heat treatment very shuilar to
pure silica {3]. As the gels are heated the specific
surface area and total pore volume decrease while
the bulk density and the shrinkage of the samples
increase. Changes in each of these characterstics
follow a similar trend, changing slowly until the
temperature reaches 800 to 850°C, and then
changing much more quickly as pore closure oc-
curs. Finally, if the heating is continued, foaming
due to the release of OH trapped in the pores after
closure begins. Figures 2 and 3 show these trends.
One noticeable distinction between the Nd-doped
gels and the pure silica is the ability to heat the

Temparature Dilterence (°C)
(-]

0 100 200 300 400 SO0

700 800 900 1000 1100 1200

Temperature (°C)

Fig. 1. Differential thermal analysis of a Nd: gel.
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Fig. 2. Specific surface area (SSA) and total pore volume (TPV) versus densification temperature.

doped samples to higher temperatures before
foaming occurs. Also, during the thermal treat-
ments the doped gels appeared to be less suscepti-
ble to cracking and/or crazing.

3.4. Visible spectroscopy

Absorption of the gels was measured after
several treatment temperatures to observe the
evolution of the environment of the neodymium in
the matrix. Pope and Mackenzie indicated that for
a 5% composition the peak position representing

the 419 2 tO 4F5 2 transition shifted from 794 to
806 nm as treatment temperature increased. re-
aching a maximum at a temperature of 200° C {1].
For the 5% gels described in this paper this behav-
ior was not observed. Instead, the shift occurred
over the entire range of temperatures until the
maximum of 1150°C was reached, although the
shift was less significant above ~ 500°C. This
result is understandable, however, considering the
fact that several changes are taking place over this
temperature range. Not only are the burning of
organic residues and dehydration of the gel occur-

24

Sample Bulk Density (g/cc)
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Fig 3. Sample bulk density (SBD) and average sample shrinkage (ASS) versus densification temperature.
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Table 1
Characteristics of Nd-doped gels versus densification tempera-
ture

Temperature SSA TPV SBD ASS
(°O) (w/g) (cm’/g)  (g/emd) (%)
160 777 0.477 1.50 57.28
400 751 0.499 122 57.22
600 607 0.388 1.26 58.20
800 569 0.359 1.28 59.15
975 BDL BDL 63.68
1025 BDL BDL 2.12 65.47
1075 BDL BDL 227 66.28
1125 BDL BDL 223 66.13
1150 BDL BDL 2220 66.17
1175 BDL BDL 66.28

SSA: specific surface area; TPV: total pore volume; SBD:
sample bulk density; ASS: average sample shrinkage; BDL:
below detection limit.

ring, but the neodymium nitrate is decomposing
and the neodymium oxide is forming clusters or
aggregates due to solubility limits, as is discussed
below. Neodymium nitrate reportedly decomposes
first to the oxynitrate, but not until it reaches
830°C is it completely converted to the oxide [4].

3.5. Fluorescence spectroscopy and lifetimes
A representative fluorescence spectrum of a

neodymium-doped gel having 3 or 5 wt% neodymia
is presented in fig. 4. This spectrum shows a

maximum emission near 1.06 pm, which is typical
for neodymium oxide in silicate glasses (see fig. 4).
For concentrations near 1 wt% neodymium oxide
in silica, the maximum is reported to occur at 1.08
pm [2,5].

Measurement of the fluorescence lifetimes gave
very low values: on the order of 5 to 7 ps, as
opposed to values greater than 150 ps for com-
mercial laser glasses. A lifetime greater than 100
ps is necessary to make the glass commercially
usable. These low values are presumably due in
part to concentration quenching of the neodymi-
um, as described by Namikawa et al. [6]. Because
neodymium oxide is immiscible in silica glass in
the composition range from around 2-26 wt% [7],
it forms aggregates or clusters in which cross
relaxation can give rise to non-radiative de-excita-
tion of neodymium, resulting in very short life-
times. Clustering of the neodymium in the glass
would also explain why the maximum emission in
the fluorescence spectrum is similar to that of a
silicate glass. The neodymium oxide-rich regions
are apparently behaving more as a silicate glass
than a doped silica matrix. These results are in
agreement with those of Arai et al., who prepared
neodymia-silica glasses by plasma torch CVD [8].
Another factor contributing to the short lifetimes
is no doubt a high concentration of water in the
gel, which has also been shown to shorten the
fluorescence decay [9].
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3.6. Transmission electron microscopy

In order to demonstrate further the existence of
neodymium oxide aggregation in the silica matrix,
TEM was carried out on a sample. It was found
that these clusters could be seen by observing the
thin edge of a powdered sample. Figure 5 shows a
TEM micrograph of a neodymium-doped sample.
More extensive characterization of these neodym-
ium-doped samples has been carried out at the
University of Manchester, UK using both TEM
and EDS [10]. Using EDS to measure the Nd
concentration in both the clusters and the matrix,
the clusters were found to be rich in neodymium,
and show some evidence of crystallinity. The con-
centration of Nd,O; in the matrix was much
lower.

Preliminary investigations to solve the immisci-
bility problem are underway at Geltech, Inc., in
collaboration with the University of Manchester
team. Galant et al. [11] have demonstrated laser
action in quartz glass after the addition of a small
amount of a ‘buffer component’, which does not
greatly diminish the desirable thermal properties
of the silica host. Arai et al. [12] have shown using
the CVD process that aluminium or phosphorus
can be used as this third component to disperse
more homogeneously the neodymium oxide and
eliminate the concentration quenching. Initial re-
sults at Geltech, Inc. have shown that the addition
of a few per cent of either of these codopants
reduce to a large extent the formation of clusters.
Prototype samples with lifetimes between 90 and
110 s have been produced, showing a possibility
for the development of a laser matenial.

Fig. 5. Transmission electron micrograph of a 5 w1% neodymium oxide-silica glass.
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4. Conclusion

The use of the sol-gel process to make
neodymium-doped laser glasses for high power
applications was investigated. Samples of 3-5 wt%
neodymium oxide were prepared and their struct-
ural evolution was followed over a range of tem-
peratures using differential thermal analysis, BET,
shrinkage, density, and visible spectroscopy. The
fluorescence spectrum and fluorescence lifetimes
were given and the results further explained using
transmission electron microscopy. The fluores-
cence spectrum was shown to be typical of a
silicate glass matrix, with lifetimes far too short to
be useful for laser action. These short lifetimes
were attributed to concentration quenching of the
neodymium and quenching by the high concentra-
tion of water in the matrix. Although the sol-gel
process allows the preparation of much higher
concentrations than the melt process, the useful-
ness of these materials for laser applications is
limited by the immiscibility of neodymium oxide
in silica glass. Research is currently underway to
develop potential laser materials having a small
per cent of a third component to solve the immis-
cibility problem and lengthen fluorescence life-
times without greatly changing the desirable prop-
erties of silica as a host glass.
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Abstract. Measurements of laser-relevant properties of neodymium doped sol—gel

derived silica hosts are described. Samples with Nd as the only dopant reveal

anomalously short fluorescence lifetimes characteristic of concentration quenching, B
TEM measurements revealing clumping of the neodymium. Co-doping with --
aluminium allows better dispersion of the neodymium throughout the gel-silica

matrix, but fluorescence lifetimes and efficiencies are still lower than expected.

Phonon quenching by residual OH~ ions is suspected, absorption, FTIR and Raman

spectroscopy being used to support this theory.

1. Introduction

The ability to dope sol-gel derived silica hosts with
controlled amounts of a lasing species affords the possi-
bility of developing a new generation of advanced tun-
able solid state lasers. Such lasers, as well as possessing
the limited tunability common to all glass lasers. can
also take advantage of the superior physical properties
of sol-gel derived silica. These properties include: low
non-linear refractive index coefficient; low strain
birefringence: coefficient of thermal expansion close to
zero: low temperature dependence of expansion coef-
ficient and low impurity levels.

As a first step towards the construction of a working
laser it is necessary to investigate the laser-relevant
properties of the doped sol-gel derived silica hosts of
interest. These properties are indicated by the equation
for the population inversion density required for lasing
threshold (Yariv 1976)

8xnitAv

Np=Ni=N.= ct Al

where 7 is the spontaneous lifetime of the upper lasing
level. Av is the linewidth of the transition and ¢ is
the loss-dependent cavity lifetime. To reach threshold
easily, therefore, one requires low losses. narrow line-
width and short lifetimes. For tunability, however. the
linewidth needs to be large. Thus. one needs low losses
and short lifetimes. It is crucially important. however,
that the effective lifetime is the spontaneous lifetime
and not a much shorter lifetime resulting from non-
radiative quenching processes which drastically reduce
the fluorescence efficiency and thereby increase the

pump energies needed. Initial experiments in this study
have therefore concentrated on measuring the fluor-
escence lifetimes, linewidths and efficiencies of vari-
ously doped gel-silica samples.

The samples themselves were manufactured by Gel-
tech Inc., Florida, USA and generally took the form
of small discs or cylindrical rods. Neodymium was the
obvious lasing element to investigate first, the pre-
ponderance of Nd-glass laser systems testifying to its
superior lasing qualities. The well known “F;— ‘I,
transition at about 1.06 um has the highest gain and
typically has a bandwidth of =30 nm in a silicate-based
glass (Levine 1968). It therefore represents the best
cnance of obtaining tunable operation of this new class
of solid state glass lasers. Dopants of possible future
interest will include other rare earths, such as erbium
and holmium, and various transition metals. par-
ticularly chromium.

2. Experimental method

A standard pulsed excitation and wavelength-selective
temporal observation technique was emploved con-
sisting of a flashlamp-pumped dve laser (FpDL), sample.
monochromator, filter, PMT and storage oscilloscope.
Neodymium has a convenient absorption at 585 nm, a
wavelength easily accessed by a FPDL operating on the
dye Rh6G. 200 mJ pulses could be obtained with dura-
tions of ~2 us FWHM, much shorter than the expected
fluorescence lifetimes. A pMT with an S1 photocathode
was used to detect fluorescence at about 1.06 um.
as well as fluorescence at about 900 nm from the
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Figure 1. Temporal profiles of the 1.06 um fluorescence
from 5 wi% Nd,O, doped gelsilica samples densified to
different temperatures.

Fluorescence larbitrary units)

o 800 °C
1 400 *C

1060 1050 1060 1070 1080 1090 100
Wavelength (nm)}

Figure 2. Fluorescence intensity against wavelength for
5 wt% Nd,0, doped gel-silica samples densified to
different temperatures.

‘F;,— 'ly; transition. Standard laboratory spectro-
meters were used for absorption and FTIR measure-
ments. Raman spectra were taken using an argon ion
laser, double monochromator, cooled PMT and dedi-
cated computer set-up.

3. Results and discussion

Initial results on samples doped only with various con-
centrations of neodvmium gave surprisingly short life-
times and low (qualitatively estimated) fluorescence
efficiencies. Figure 1 shows the results for a batch of
5 wt¢ Nd,O, doped samples densified to various tem-
peratures. (Fully densified. non-porous gel-silica is
obtained at a densification temperature of ~1200°C.)
Note that all the lifetimes are less than 10 us. in stark
contrast to expected values of 200-800 us (Yariv 1976).
Figure 2. however. shows that the linewidths are com-
parable to those for conventional laser glasses. Fuller
densification appears to favour the fluorescence
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Figure 3. Transmission micrograph of a 5 wt% Nd,O,
doped gel-silica sample.
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Figure 4. SEM—EDAX analysis of a 5 wt% Nd,O; doped gel-

silica sample from a region containing a clump (full curve)
and a region ngt containing any clumps (broken curve).

efficiency and increase the tuning range. also shifting
the peak to longer wavelengths. Similar results are
obtained for the fluorescence band around 900 nm,
which, since it emanates from the same ‘Fy lasing
level, lends weight to the theory that this level is being
seriously quenched. Concentration quenching is known
to be a problem with Nd doping (Peterson and Bri-
denbaugh 1964) and clumping or clustering is known
to be a problem with rare earth doping of pure silica
(Arai er al 1986). The two effects combined could
explain the short lifetimes in gel-silica samples even
though their overall doping levels are below those
where the effect should be observable.

Figure 3 shows a transmission micrograph of a
5 wt% Nd.O, doped sample. Clumps with dimensions
of the order of 100 nm are clearly visible. A greater
magnification still shows structure within a single clump
and electron diffraction traces show rings. again indica-
tive of structure within the clumps. That all the neo-
dymium is contained within the clumps is confirmed by
SEM-EDAX measurements performed on a region of the
sample containing a clump and one without. The
results are shown in figure 4 and reveal an Nd signal
from the clump-containing region only.
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Figure 5. Temporal profiles of the 1.06 um fluorescence
from various get-silica samples co-doped with Nd and Al.

Clearly the Nd ions are not being dispersed
adequately throughout the gel-silica matrix. With con-
ventional silica the solution was to co-dope with a glass
modifier such as aluminium or phosphorus. Aluminium
lends itself well to the sol-gel process and so the same
lifetime. linewidth and fluorescence efficiency studies
were performed on a new batch of samples which were
co-doped with Nd and Al. the concentrations being
determined by SEM—EDAX measurements.

Figure S shows the lifetime results for fluorescence
at around 1.06 um. The concentrations of dopants were
(Wt% of oxides); GT-04 (3.5% Nd:5.0% Al), GT-06
(1.5% Nd:7.0% Al), GT-07 (3.5% Nd:7.4% Al) and
GT-08 (4.6% Nd:7.1% Al). The lifetimes are now
much longer, although the temporal profiles appear to
consist of the same initial rapid decay seen in the
samples doped only with Nd followed by a more long-
lived decay. This is except for sample GT-06 which
does not appear to have the initial decay, and has, in
fact, got a longer final decay than the other samples
(>100 us). Note also that this sample has the highest
Al/Nd dopant ratio of those shown, these results and
others indicating that a dopant ratio Al/Nd=S5 is
required. A similar result was obtained by Arai et al
(1986) for the co-doping of conventional silica. It
appears. therefore. that co-doping with a glass modifier
can overcome the clumping and consequent con-
centration quenching problem in sol-gel derived silica.
This result is verified by the fact that fluorescence
efficiencies are greatly improved. Conclusive proof is
given, however, by the transmission micrographs of
sample GT-06 shown in figure 6. The clumps (dark
patches in figure 3) have clearly disappeared. being
replaced, in this case, by white patches. These patches
represent holes in the matrix caused by bloating in the
as yet unperfected densification process for co-doped
samples. SEM-EDAX measurements performed any-
where on the sample give the same Nd signal, a result
again indicative of good dispersion throughout the
matrix.
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Figure . Transmission micrograph of the co-doped
sample GT-06.

Although much improved, however, the linewidths
are still not as long as expected and the fluorescence
efficiencies are still not as high as those for samples of
conventional silicate laser glasses. (The linewidths are,
however, comparable.) An additional quenching pro-
cess is suspected. the nature of the sol-gel process
leading credence to the theory that phonon quenching
due to residual OH™ ion content is a likely candidate.
This has been identified as a problem in other laser
glasses by, for example, Bondarenko er al (1976),
where the effect can be quite large. As an example,
Bondarenko et al derive an equation for a phosphate
glass

1/t =3.3x10° + 2.2 x 1020

where 7 is the upper lasing level lifetime and o (cm™!')
is the absorption coefficient at 2.85 um (i.e. the fun-
damental absorption band of OH). If our sol-gel
derived silicate glasses are anything like this example
then the lifetime is being reduced if the transmission
through a typical 5 mm thick sample falls below ~50%
at 2.85um. Incomplete densification and an unper-
fected dehydration technique for co-doped samples
results in a large residual OH™ ion content, as the
absorption profiles of figure 7 reveal for the GT series
of co-doped samples. None of these samples reveal any
transmission at all at 2.85 um. and so some quenching
effect is not unexpected. Complete removal of OH~
ions would mean, for example, that the trace for GT-
04 would be level right out to 3300 nm, showing no
troughs at the OH absorptions of about 2700, 2200,
1900 and 1380 nm. This has been achieved for undoped
sol-gel denived silicas, but the presence of dopants
makes the process more difficult. Another mani-
festation of this difficulty is the falling off in the trans-
mission of some of the samples in figure 7 as one goes
to shorter wavelengths. This is caused by scattering
from the small voids in the matrix caused by bloating
during the densification process, an effect which also
gives the samples a slight milky appearance.
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Figure 7. Absorption spectrometry traces of various gel
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Figure 8. Raman spectra of partially densified undoped
gelsilica (full curve) and fully densified and dehydrolysed
undoped gei-silica (broken curve).

FTIR spectroscopy, scanning the wavelength range
2.5-25 um, also reveals the ‘wetness’ of all the doped
samples tested to date, as does Raman spectroscopy.
Using the experimental arrangement already
described. Raman spectra such as those shown in figure
8 are obtained for an undoped, partially densified
sample and an undoped. fully densified and dehydrated
sample. These spectra are essentially the same as those
obtained by Stolen and Walrafen (1976) for con-
ventionally produced silica. Particular points to note
are the peak at about 970 cm ! in the partially densified
sample—a peak which Stolen and Walrafen attribute
to the Si-(OH) vibration—and the relatively larger
sizes of the defect peaks at about 490 and 604 cm~',
again in the partially densified sample. Raman spectra

from all the co-doped samples show various levels of
fluorescence signal which either totally or partially
obscure the Raman signal, the effect appearing to be
in proportion to the visual milkiness of the sample.
The samples that gave traces most like those of figure
7 were two with Al/Nd = 5, the defect peaks not being
present and fluorescence only starting at shifts greater
than about 1100 cm~!. Although little understood as
yet, it is clear that Raman spectroscopy is a powerful
tool in the investigation of the microstructure of doped
sol-gel derived silica matrices.

4. Conclusions

Initial measurements of the fluorescence lifetime of the
F;2— *I;,2 transition of Nd doped into sol-gel derived
silica found it to be too short and the fluorescence
efficiency much too low. Both these effects suggested
concentration quenching. TEM measurements revealed
the expected clumping of the Nd,O; and we have
shown that co-doping with a glass modifier such as
Al prevents this effect provided the dopant ratio Al/
Nd = 5. We show, however, that the samples available
to date are still too ‘wet’, residual OH™ ions probably
being responsible for the still lower than expected life-
times and fluorescence efficiencies that we are observ-
ing. OH™ can be successfully removed in undoped
samples, however, and Geltech Inc. are confident that
the same will also apply to co-doped samples. When
this has been achieved, and high-optical-quality rod-
shaped samples have been manufactured, it will only
be a matter of time before successful lasing action, with
limited tunability, can be reported for the first time in
a rare-earth doped sol-gel derived silica host.
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DOPED GEL-SILICA LASER HOSTS

T.A. King, D. Shaw, C. ¥Whitehurst
Physics Department, Manchester University

Manchester M13 8PL

1. Rare Earth Doping of Gel=silica

Work has initially concentrated on the doping of gel-silica hosts with neodymium
because of its well-known lasing properties. Investigations have concentrated on
measuring various laser relevant properties such as: fluorescence lifetimes, fluorescence
bandwidths, fluorescence efficiencies, dopant dispersion throughout the medium,
absorption specira and optical quality. The salient results obuined to date are

as follows;

(2) Initial samples doped with various ‘concentrations of Nd only (0.5-5wt% oxide)
revealed anomalously short lifetimes (<10us)(fig.1) and poor efficiencies. Band-
widths were acceptable, however, showing potential for limited tunability.

(b) TEM micrographs showed clumps. SEM-EDAX measurements revealed that the
necdymium was in the clumps (fig.2) and not in the matrix between them. This
clumping, and resultant concentration quenching, would account for the short life-
times and poor efficiencies.

(c) Co-doping with Al (a glass modifier amenable to the sol-gel process) appears

to aid Nd dispersion throughout the medium. A ratio AI/Nd24.5 seems to result in
longer lifetimes (>100us)(fig.3, sample GT-06), the TEM micrograph showing no
clumping and the SEM-EDAX measurements being the same from any region of the
sample taken at random. The bandwidths remain unchanged.

(d) Fiuorescence efficiencies are still low compared with a sample of typical

silicate glass. Linewidths are still shorter than expected. Residual OH™ jon
concentration is suspected of being responsible for phonon quenching. Figure 4
reveals that all co~doped samples to daie are "wet” (ie. large absorption at eg.
2.85um). FTIR and Raman spectroscopy reveal the same thing, the latter technique,
however, showing considerable promise as a diagnostic tool in the investigation

of the doped soi-gel microstructure.

Some rod—shaped samples were obtained and the apparatus constructed for gain
measurements and an attempt at lasing. The samples were of poor quality, however,
and no gain could be measured. The apparatus is now in place, however, for any
future attempts with better samples. High quality, dry, undoped samples can be
made and we are optimistic that if the densification process can be perfected for
co-doped rod—shaped samples then an operating rare earth doped sol-gel derived
glass laser will soon be demonstrated.
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POROUS GEL-SILICA, A MATRIX FOR OPTICALLY ACTIVE COMPONENTS

Jean-Luc R. NOGUES and William V. MORESHEAD
Geltech, Inc., One Progress Boulevard, Box 18, Alachua, FL 32615, USA

The sol-gel process has been used to prepare optically active components in a silica matrix. In most cases this involves
introducing an optically active material such as an organic dye into the initial sol prior to gelation. An alternative sol-gel
route involves first the preparation of porous. pure silica monoliths which can then be impregnated with the desired organic or
inorganic material. Critical to the usefulness of this material is a knowledge of the properties. such as thermal stability,
UV /vis/nIR spectra and pcre size. The structural evolution of these porous silica monoliths prepared by the sol~gel process
is presented as a function of process temperature. Sample preparation and thermal treatments are briefly described. and
results of sample charactenzations are given in detail. Results of this study and their implications for the usefulness of the

materials are discussed.

I. Introduction

Over the past several years there has been an
increasing interest in sol-gel techniques for the
manufacture of glasses, glass-ceramics and ceram-
ics. This new route has been utilized for a variety
of products ranging from optical fibers and lenses
to special coatings and to production of ultra-pure
powders. As early as 1984, organic molecules were
added to monoliths prior to gelation [1.2], porous
thin films [3] and more recently partially densified
monoliths [4].

The purpose of this paper is to focus in a first
part on the processing and the propertics of por-
ous gel-silica glass monoliths to be used as a
matrix for the preparation of optically active com-
ponents and new kinds of optical devices. This
new material presents many properties of the dense
pure silica glass but presents in addition many
unique characteristics which could lead to very
special and novel developments in optics. Several
applications such as micro-optical arrays, scintilla-
tion detectors and optical waveguides are briefly
described in the second part of this paper.

2. Porous gel-silica matrix preparation, processing,
and properties

2.1. Experimental

The porous gel-silica samples used in this study
were manufactured by hydrolyzing a silica pre-
cursor, tetramethylorthosilicate (TMOS, Hiils
America Inc.) with deionized water. After com-
plete homogenization this sol was cast into 60 mm
polystyrene petri dishes to gel and age. The wet
gel was then dried to give a transparent gel-silica
monolith.

Further heat treatment was done in static air to
study the evolution in gel properties with tempera-
ture. The rate of heating was sufficiently small to
maintain the monolithic aspect of the gels and to
avoid a temperature gradient inside a sample which
can cause heterogeneity in gel properties. Iso-
therms at 620 and 800°C were measured to
evacuate solvent and by-products from the gel
structure, and to observe the evolution in sample
properties during a soak. Samples were removed
from the furnace at a given temperature and
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=0 | for the calculations of the pore radius distribution.
1 The density measurements were carried out ¢n
187 oven-dried samples using a specific gravity bottle
1 with mercury as the fluid. The microhardness was
T 'LZ\ g: measured using a LECO Model-700 Microhard-
% ness Tester with a diamond Vickers indenter. UV-
g"‘“ vis-nIR spectra were recorded on a Lambda-9
5 Spectrophotometer from Perkin-Elmer.
5-225
@ 2.2. Results and discussion
E-aw-
s ! .
el ;:;’:;;:Jgt;& Figure 1 presents the TMA thermogram of a
3 THIRD CYCLE dry gel monolith between room temperature and
o 1 685°C, the maximum temperature of the equip-
i ment. The heat treatment cycle was repeated three

[} 188 229 328 490 Sea -1 788 6aa
Temperature (*C)

Fig. 1. Thermomechanical analysis of a porous gel-silica
monolith.

quenched in air at room temperature. Shrinkage
dunng densification was measured in static air
using a Dupont 943 Thermomechanical analyzer
(TMA). The heating rate was 0.5°C/min.

The textural characteristics were measured using
an Autosorb-6 from the Quantachrome Corpora-
tion. The results were analyzed according to the
BET theory and a cylindrical pore model was used

times without removing the sample from the cell,
and with recalibration of the zero position before
each cycle.

After the first cycle to 685°C the sample un-
derwent a net shrinkage of 8.4% after returning to
room temperature. After the second cycle the
shrinkage was not negligible but was greatly re-
duced (0.5%). A third cycle resulted in an ad-
ditional shninkage of 0.2%.

These results lead to an important conclusion
regarding the usefulness of these materials as por-
ous matnices: further heati..; to a temperature
close to, equal to, or higher than the maximum

Table 1

Properties and characteristics of porous gel-silica monoliths versus densilication temperature

Temperature SSA TPV APR SBD SMH {OH]

°C) (m’/g) (cm’/g) (A) (g/cm’) (kg/m’) (a.u)
200 768 0.47 122 1.172 41 193
400 707 0.42 11.8 1.224 65 189
550 672 0.39 11.7 1.299 88 172
620 620 0.37 118 1.308 101 161
620 537 0.31 11.6 1.391 97 157
700 522 0.30 116 1.393 115 143
750 449 0.26 11.7 1.424 160 132
800 438 0.26 11.8 1.438 183 122
800 393 023 11.7 1.460 - 122
850 - - ~ 1.502 233 94
900 290 0.17 11.8 1.510 285 66
950 9 0.01 139 2.113 447 9

1000 4 0.00 15.6 2.109 - -~

1050 3 0.00 16.8 1.651 - -

SSA: specific surface area; TPV: total pore volume: APR: average pore radius;

mucrohardness; {[OH]: OH radical content.

SBD: sample bulk density: SMH: sample
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Fig. 2. Optical transmission of gel-silica monolith versus densification temperature.

sidered to be thermally stable at temperatures well
below this maximum temperature.
Changes in ather gel characteristics and proper-

temperature to which the gel has been previously
hear~d will induce new variations in the structure
of the gel-silica. However, a sample can be con-
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Fig 3. OH radical content ((OH]) and sample microhardness (SMH) versus densification temperature.
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Fig. 4. Specific surface area (SSA) and total pore volume (TPV) versus densification temperature.

ties measured for this study during densification
are in good agreement. The results are sum-
marized in table 1. These changes are smooth and
regular as the treatment temperature is increased
to 950°C. At this temperature the properties of
the gel change drastically and the matenal loses
characteristics suitable for porous matrix applica-
tions. Although the magnitude of the changes are
greater for the soak at 620° C than for the soak at
800°C, the trends were similar.

The transmission spectra of samples stabilized
at 620, 900 and 950°C show the well-known
absorption bands due to silanol groups (Si—-OH)
and molecular water (fig. 2) [5-7]. With the sta-
bilization temperature increasing, two phenomena
occur: (1) the absorption bands decrease in inten-
sity corresponding to the release of ‘water’ by the
sample. and (2) the transmission cutoff in the
ultraviolet range shifts to lower wavelengths. For
the sample stabilized at 950° C the spectrum pre-
sents only the major absorption bands of Si-OH.

Figure 3 shows the variation of OH radical
concentration in the gel as a function of tempera-
ture. The calculation of this OH radical content
was done using a formula derived from the one
used for OH content determination in silica glasses

(8] and applied to the absorption band at 1.36 um
of the first overtone of the fundamental absorp-
tion peak of Si-OH groups (2.73 pm). Since the
extinction coefficient is not presently available to
quantify the water content using this band, the
results are plotted in arbitrary units. However, this
figure shows that the OH radical content in the gel
decreases rapidly with increasing temperature.

The data collected in this study allow the defi-
nition of three different sequences during the
sintering treatment.

(1) Between room temperature and 900°C
there is a continuous evolution of gel properties.
This evolution is faster for the higher tempera-
tures, especially between 800 and 900°C. This
evolution occurs mainly by loss of water. The
specific surface area and the total pore volume
decrease as a result of condensation reactions
which cause the network to become more and
more interconnected without causing any change
in the calculated average pore radius (fig. 4). As
interconnectivity increases the bulk density and
microhardness increase by the same trend, as ex-
pected (table 1). The trend in microhardness is
illustrated in fig. 3.

(2) Between 900 and 950°C the densification
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takes place more rapidly since the viscosity of the
material is low enough to allow viscous sintering.
Measured changes are much more dramatic.

(3) Above 950°C, pores remaining in the sam-
ple begin to close resulting in bloating of the
sample. At this stage the sample loses its trans-
parency, its homogeneity and its ability to be used
as a porous matrix for optical components.

The ultrastructure data also show that the
sintering of this particular type of gel silica occurs
without variation of the average pore size, main-
taining or enhancing the optical transmission of
the porous sample.

3. Potential applications of porous gel-silica
matrices

The properties and characteristics of porous
gel-silica, in particular porosity and transmission,
make this material adequate for the development
of new types of optical elements [9]. The porous
phase of this gel-silica matrix can be filled with a
second phase with very special properties to pro-
duce a composite material. The completely open
porosity and the very small size of the pores allow
the production of a nanoscale composite with
good macro-homogeneity. The doping phase can
be either an inorganic material such as metallic
cations or an organic compound which leads to
the preparation of organic/inorganic composites.
Examples of these two types of applications are
briefly described below, as well as a possible direct
application. of the porous gel-silica matrix.

3.1. Micro-optical arrays [10]

The basic components for digital optics have
been identified as modulator and detector arrays,
which in many cases require microlens arrays for
imaging. Stacked planar optics is an attractive
technology for digital optics, and can be used for
many possible applications, such a; optical com-
puting, camera auto focus modules, or imaging
bar lenses in photocopiers.

The basic unit of the array is the individual
microlens which is a region with an index gradient
embedded in a glass substrate as a result of selec-

tive doping. The actual manufacture of this type
of lens is difficult and often leads to optical aber-
rations, limiting the number of compenents which
may be stacked together.

Sol-gel technology offers the possibility to
minimize spatial aberration by doping a porous
gel-silica matrix or preform. The porous gel-silica
is doped selectively with polarisable ions, e.g. Ba?*,
or glass structure modifiers, e.g. Pb’*, and the
dopant elements are trapped in the glass by subse-
quent densification to form a microlens array.

3.2. Scintillations detectors [4]

Organic plastic scintillators have been used for
particle detection for about 30 years. They have
two advantages: (1) fluorescence decay times as
short as 1 ns, and (2) light output proportional to
energy deposition in the detector. It is well known,
however, that plastic scintillators are rather sensi-
tive to ambient radiation which results in the
strong absorption of light for doses as small as 10°
rad.

Scintillating glasses have been developed over
the past 25 years but never came into general use
as particle detectors. Because of the high tempera-
ture used in the production of glass, organic fluors
were excluded as dopants and only inorganic
dopants such as cerium and terbium oxides could
be used. The advantages of scintillating glasses are
that they are heavier and less sensitive to radiation
than plastic scintillators. On the other hand. their
fluorescence decay times have been found to be
rather long.

To meet the present day rate and radiation
dose requirements, it would be desirable to have a
scintillator with the high radiation resistance of
pure silica glass and the short fluorescence decay
time of organic fluors. Because of the high radia-
tion resistance of silica, sol-gel technology opens
the exciting possibility of doping glass with fast
organic fluors which would provide an important
advancement in particle detection. Although the
sol-gel scintillators produced to date are not opti-
muzed, the first results prove the feasibility of
producing a fast, radiation hard scintillator using
the sol-gel process. Reference [4] explains in de-
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tail the optical characteristics of prototypes of
fast, radiation hard scintillation detectors.

3.3. Optical waveguides

Optical waveguides on a glass substrate repre-
sent the basis for passive components such as
multiplexers, couplers, or wavelength filters used
in integrated optical applications for optical com-
munication and sensors.

Various techniques for fabricating glass wave-
guides have been reported in the literature and
include: techniques such as sputtering, ion im-
plantation, ion-exchange. and chemical vapor de-
position. Today, these last two techniques are the
most successful. The ideal would be waveguides
made in silica substrates, preferably without any
dopant, for tailoring the index profile, and main-
taining the monolithic nature of the devices.

The sol~gel technology leading to the manufac-
ture of porous gel-silica matrices offers a possible
substrate for waveguides. Two approaches can be
pursued: first, the selective doping of the substrate
using controlled diffusion in the porous silica in
order to change the refractive index of the material,
and second, local heating of some selected portion
of the substrate to increase the density and index
of refraction of the glass [11]. By CO, laser heat-
ing which produces densification, optical wave-
guides have been made using laser writing of
higher density tracks on a porous gel-silica sub-
strate [12].

It was demonstrated that both of these tech-
niques can induce the refractive index changes of
the night magnitude to fabricate single mode
waveguides. The second technique presents the
possibility to produce ideal pure silica waveguides.
The major advantage of this type of waveguide is
that it matches the index of refraction of silica
fiber optics, which is not the case for ion-ex-
changed or diffusion based waveguides.

The technique of doping a pure gel-silica ma-
trix with inorganic or organic compounds is not
restricted to the applications described in this
paper, but can be used for the preparation of a
wide variety of optically active materials, such as
optical filters [13], dye lasers, non linear optic

components, optical data storage media, and many
others.

4. Conclusion

This study showed that it is possible to produce
stabilized sol-gel monoliths with a range of prop-
erties, and free of organic residues. The sintering
of this type of gel silica occurs in roughly three
stages, with the last resulting in pore closure and
ultimate destruction of the sample above about
950° C. If heating is stopped prior to this, a semi-
stable, porous gel-silica matrix can be produced.
The demonstration of possible applications of such
a matrix, such as microlens arrays, scintillating
detectors, and waveguides have been reported.
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TUNABLE SOLID STATE GLASS LASERS.

Introduction

A new type of laser based on a doped sol-gel glass host has recently emerged. The sol-gel
glass can either be doped with inorganic ions in the fully densified state or with organic
molecules in the partially densified state. Inorganically doped sol-gel holds certain advant-
ages over traditional materials by providing a high purity medium, high power operation,
low non-linear refractive index (n2) and a constant and very low coefficient of thermal
expansion.

Organically doped sol-gel provides an enhancement of the laser properties of organic dyes.
This involves: molecular immobility / isolation which reduces coIhslonal deacuvauon
greater heat dissipation (thermal conductivity of sol-gel = 13 Wm k! ¢.f. methanol 0.2
W'k )whxch reduces thermal lensing and enables higher power densities to be attained;
increased dye photostability and upper state lifetime; reduced dimerisation and thus
reduced self quenching and absorption; and a greater dye concentration for a more compact
and efficient cavity design. Finally, a departure from the traditional liquid state for the dve
medium will lead to a more convenient and manageable glass state.

Results

1. Inorganic: Uniform Nd3* ion distributions were produced by the use of an Al glass
modifier. Characterisation of the
doped glass was performed by
TEM, SEM-EDAX and Raman
spectroscopy. The Nd®* fluores- | |
cence lifetimes and efficiencies
have been measured and for deut-
erated samples are now found to be \
comparable' to other laser glasses \\ |
(figure 5), indicating that phonon N
quenching of the upper laser state W\ 3 "‘"}
by hydroxyls is no Ionger a problem R

Therefore the Nd>* exists in the M—
host in a form suitable for laser ac- —  b—200us

tion.

Figure 5.

2. Organic: Successful laser systems Lifetimes of N&* in laser glass (1,2) and in sol-gel
have been demonstrated with Rho- glass (3:4.5)

damine 6G dopmg of partially den-
sified (850°C) sol- -gel glass (figure 6). Laser action was observed both with excimer laser
pumping and flashlamp pumped dye laser pumping with pulse durations of 10ns and 2us
respectively. The emission spectra and temporal profiles showing the spontaneous emission
and laser output when pumped by the flashlamp pumped dye laser arg shown in figure 7.
In this case the doped sol-gel laser, for heavy duty pumping (0. 2J/mm?) had a lifetime of
approximately 10 laser shots.
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Arrangements for laser pumping of organically doped sol-gel samples
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Spectral and temporal profiles showing laser output from urganically doped sol-gel sample.
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